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ABSTRACT This paper develops the remanufacturing inventorymodel considering the storage capacity. The
suggested model aims to minimize the total inventory cost (TIC). The model used the EOQ model, one of
the basic inventory models in the supply chain. Numerical experiments and sensitivity analyses were carried
out on models developed using the Lagrangean method. The existence of constraints in storage capacity can
produce an optimal quantity of remanufacturing while minimizing inventory costs. This study also indicates
that there is an impact between warehouse capacity, number of cycles, backorder costs, and the level of
product collection on total inventory costs, and provides management implications that companies can make
appropriate policies to minimize total inventory cost.
INDEX TERMS Backorder, economic order quantity (EOQ), remanufacturing, storage capacity.
I. INTRODUCTION
Remanufacturing activity is one of the advanced processes
in reverse logistics activities. Remanufacturing process plays
a significant role in the network of reverse logistics as the
same with the importance of manufacturing activities in the
forward logistics network. It is the same as remanufacturing
which aims to restore product functionality as before as new
products so that the manufacturing industry no longer takes
100% of its raw material needs from nature but can utilize
products that have expired to be reprocessed into similar
products [1].
Some literature discusses the positive aspects of the reman-
ufacturing process in the reverse logistics network because in
the process of remanufacturing does not require raw mate-
rial in producing products as the case in conventional net-
work logistics. For companies that also have a conventional
logistics network, the results of the remanufacturing pro-
cess can immediately follow the next existing process, for
example, the results of remanufacturing products could be
distributed in the existing process of distribution or stored
in the existing warehouses. The remanufacturing process has
The associate editor coordinating the review of this manuscript and
approving it for publication was Nikhil Padhi .
numerous benefits savings in labor, material and energy costs.
it can also reduce environmental impacts and reduce disposal
costs [2], [3].
For some cases of products that need remanufacturing
the process, often the process of remanufacturing a prod-
uct occurs using lot-sizing or batching processes, where the
process of remanufacturing new products is carried out if
the number of products to be remanufactured has reached a
certain amount. It is done so that the optimal remanufacturing
process is achieved even though there is a risk of increasing
inventory costs. Some research has discussed and developed
the remanufacturing network model by considering optimal
inventory (remanufacturing inventory model), for example,
Richter [4] developed the EOQ model for production and
remanufacturing, then Jaber and El Saadany [5] modeled
production inventories and remanufacturing models by con-
sidering lost sales due to the occurrence of stock-outs. Also,
Hasanov et al. [6] who tried to model remanufacturing net-
works by considering full and partial backorder show that
the results of remanufacturing cannot meet customer require-
ments by the amount and time required due to unavailability
of enough storage capacity.
Modeling remanufacturing networks that consider inven-
tory levels will be closely related to the capacity of storage
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or warehouse. The limitation of storage would affect the
inventory model which ultimately affects the remanufactur-
ing model [7]–[9]. Previous research by Hasanov et al. [6]
modeled production supplies and remanufacturing processes
by applying full and partial backorder to meet consumer
demand indicating that the need for storage capacity is very
important in making remanufacturing models related to the
amount and cost of inventory. Slightly different from pre-
vious research, this time the research focused on the latest
issues regarding remanufacturing model taking into account
storage capacity. Therefore, this article integrates inven-
tory models in remanufacturing networks by considering the
capacity constraints of storage to minimize the total cost of
remanufacturing.
II. LITERATURE REVIEW
A. REMANUFACTURING PROCESS IN REVERSE LOGISTIC
Reverse logistics is all activities that include planning, pro-
cessing, reducing, disposing of hazardous or non-hazardous
waste from the production, packaging, and use of products.
Because of the opposite flow of goods from the flow in
conventional supply chains, reverse logistics is often also
called "backward logistics", where the flow of goods flows
backward from consumers to retailers and from producers to
suppliers [10], [11]. Reverse logistics deals with all flows of
goods and information that are important for collecting prod-
uct use, material packaging, production cancellations, and
others. Then it is brought to a place where it can be reused,
reproduced, recycled or destroyed [12]. The main purpose of
reverse logistics is to return and provide the same functions
and values as before for used products returned. One such
activity is remanufacturing, where this process aims to restore
the function of the product as before, like a new product
so that the manufacturing industry is no longer taking raw
materials from nature in full, but can use products that have
expired and are reprocessed to become similar products [13].
The main focus of remanufacturing activities on reverse
logistics is to restore the quality of returned products to new
ones [14] There are many reasons for companies to carry
out remanufacturing systems in their companies, including
environmental reasons regarding product returns to protect
the environment, and reasons for waste occurring in the
community [15]. The company will compete in reducing the
environmental impact by returning and reprocessing returned
products to become new products. Also, by returning this
product, the company can save the use of natural resources
because rawmaterials can be replaced with used products that
can be reprocessed into new products [15].
Manufacturers usually prepare certain supply chain net-
works in managing returned products, for example, rental
facilities such as dealers, collectors or third parties to col-
lect products from customers before returning them to the
factory. This long process will certainly require time, costs
for returning goods such as transportation costs, or the cost
of shipping goods from collectors or third parties [16].
FIGURE 1. Flows of forwarding and reverse logistics.
Forward and backward logistics flow from Figure 1 shows
that forward logistics starts from rawmaterials from suppliers
and ends at the end product at end customer, whereas reverse
logistics starts from end customers to the collection point for
used goods to make efforts to repair, reuse, remanufacture,
recycle and redistribute it as a new product.
Reverse logistics is an issue that is concerned in envi-
ronmental studies, because of the manufacturing process,
in particular, the negative impact of hazardous material on
all parties in the supply chain, if managed inappropriately.
Proper reverse logistics management can be categorized into
four types, namely repairing, recycling, remanufacturing, and
reuse. Themain problem faced by the manufacturing industry
in implementing recycling systems is the low recovery value
and requires a high investment in providing large quantities
of products or materials. Therefore, a closed-loop supply
chain on a small level structure is required. A closed-loop
supply chain is a system that starts from returning or ship-
ping used products to the manufacturer for reprocessing.
The processing of used products is divided into two, namely
remanufacturing and refurbishing. Remanufacturing is the
process of processing used products into products of the
same quality as new products so that they can be sold at
the same price [17]. Used products must meet the criteria for
reprocessing, the product is then sent to the producer through
a collector. While the process of processing used products
into products of lower quality than new products is called
refurbishing. Repair products are sold at lower prices than
new products.
Implementing an effective reverse logistics system could
reduce costs, increase revenue, and even maintain customer
loyalty and protect corporate brands [18]. Also, compli-
ance with regulations to protect the environment, includ-
ing reducing the consumption of natural resources through
recycling and other forms of product recovery has increased
the need for effective reverse logistics [19]. These economic
and environmental motivations have encouraged researchers
to develop models to study and analyze inventory flows in
reverse logistics.
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B. CONCEPT OF INVENTORY MANAGEMENT IN
REMANUFACTURING SYSTEMS
The remanufacturing process is the return of condition and
performance of used products into new goods and guaranteed
products such as new product [13]. The remanufacturing pro-
cess can reduce the natural resources needed to make a prod-
uct and can reduce energy consumption due to a reduction in
work processes. The remaining amount of work produced by
the manufacturing process can also be reduced because used
goods are reused. Some of the advantages mentioned above
make the remanufacturing process provide many benefits
both financially and environmentally [20].
Managing inventories for processes that involve collecting
used goods, recovering them, and producing new goods
are as important as the items from the forward chain [21].
Inventory models that handle product backflow have two
main constraints. First, collected used goods are restored
to their original conditions or with acceptable quality [22].
Second, the number of times items that can be recovered is
unlimited [5].
The remanufacturing system is further developed which
assumes that customer demand can be met by a stock of items
that can be repaired (produced and reproduced). In general,
customers do not consider goods that are newly produced
and goods that are reproduced (repaired) as items that can
be exchanged. Remanufactured goods are sold at lower price
points in the secondary market, or in various new product
channels that are sold in the primarymarket [23]. Other previ-
ous studies by Jaber and El Saadany [5] resulted in a lost sales
situation when there was a period of out of stock for goods
produced and reproduced. In other words, the demand for
newly produced goods disappears during the remanufacturing
cycle and vice versa.
C. REMANUFACTURING SYSTEM WITH BACKORDER
In today’s competitive market competition, companies do
everything possible to not lose their customers to competitors
by increasing their level of service. One option is to allow
reverse orders, where some customers are compensated to
wait for their pending orders either with price reductions
or some other form of discount, which is the cost incurred
by the supplier company. This results in backorder costs
which are usually higher than inventory storage costs [24].
However, there are situations where some customers do not
want to wait for their orders and leave the system [25]. This is
what makes the company makes policy regarding the waiting
system or what is called backorder. The inventory model with
a backorder is indicated by receipt of orders from customers
will still be accepted even though at that time there is no
inventory.
A study by Hasanov et al. [6] describe the inventory
model by considering backorder in two situations, namely
full back-ordering problems and partial back ordering prob-
lems. Konstantaras and Papachristos [26] expanded themodel
TABLE 1. Previous literature regarding inventory with remanufacturing
processes.
of remanufacturing inventory problem by enabling planned
backorder in remanufacturing and production while keeping
other assumptions the same; in particular, recovered items are
as good as new ones. Furthermore, Jaber and El Saadany [5]
developed a remanufacturing inventory model for the case of
full-backorder and partial-backorder, in which the recovery of
goods (reproduced or repaired) is considered by the customer
to have lower-quality; that is, not as good as the new one.
Furthermore, this paper considers additional cases where the
reorder period is shortened. In their research, the term of
remanufacturing is used to refer to used goods collected and
recovered, while the term produced is used to refer to goods
produced from ’new’ materials and components.
Previous studies discussed the remanufactured inventory
model with various limits with backorder, set up costs, out
stock, lost sale, and lead time shown in Table 1.
Remanufactured inventory model including Richter [27]
in his research, was developing a model of improve-
ment/disposal of inventory where stationary demand can be
met by items newly produced and repaired. Furthermore,
Richter [4] extends the results of previous studies to provide
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TABLE 2. Previous literature regarding capacitated and uncapacitated
storage remanufacturing models.
further interpretation, namely by adding set up costs to eco-
nomic aspects. In subsequent studies, Dobos and Richter [28]
developed similar models, but with different assumptions.
Different from previous research Teunter [12] developed two
models as well as the problem of remanufacturing, namely
comparing the optimal lot of POQ and EOQ to minimize the
total cost of inventory.
Following is the previous literature which shows a com-
parison of research on the model of remanufacturing with
capacitated and uncapacitated storage.
The optimal inventory level is a matter that must be con-
sidered in the procurement of rawmaterials. To determine the
size of the order, inventory control calculations are carried
out by considering the constraints of warehouse capac-
ity using the development model of the inventory model.
Hasanov et al. [6] in his research developed a remanufactur-
ing inventory model, but assuming that capacity is unlimited.
Moreover, Cunha et al. [37] consider the problem of lot-
sizing multi-item economics with non-capacity remanufac-
turing and production. The development of further research
by Bulmuş et al. [2] who are inspired by the situation for
certain car companies. Then analyze the two-period model
with manufacturing in the second period, and for remanu-
facturing products that are returned/collected at the end of
the first period. In his research, the optimal number of man-
ufacturing and remanufacturing was obtained and analyzed
under conditions determined by costs, capacity restrictions,
and demand.
III. MODEL DEVELOPMENT
The remanufacturing system developed into a remanufactur-
ing inventory problem this study can be seen in Figure 2:
FIGURE 2. Remanufacturing inventory network.
The remanufacturing system described in Figure 2 consists
of two stores. Items that are reproduced (repaired) as much as
demand (Dr) and produced (Dp) are stored in the first store
(stock that can be repaired), while used goods are stored in
the second store (repairable stock). The collected used items
are filtered, and items that are considered irreparable are
disposed of at the stage before the stock can be repaired. It
also assumed that there is recycling (m) and the production
cycle in intervals of time (T). The goods produced are not
stored above the remanufacturing segment (Tr) of T. Like-
wise, the goods that are reproduced are not stocked above the
production segment (Tp) of T. This results in the loss of the
sales situation during Tr. In a competitive market, companies
tend to succeed in increasing service levels for their products
by attracting customers to wait for their orders when a deposit
guarantee situation occurs.
This study assumes remanufacturing batches (m) of each
size (qr) and (n) production batches of each size (qp) at T,
where many remanufacturing units (mqr) are consumed in
full above interval of time (Tr), while many units (nqr) fully
consumed in excess of Tp. The assumption is that unmet
demand for remanufacturing and production is complete, then
the limit occurs at the optimal number of lots (qr) limited by
warehouse capacity.
A. MATHEMATICAL MODEL
In this study, the inventory model from Hasanov et al. [6] is
expanded considering warehouse capacity limits. The model
is solved by the Lagrangean multiplier approach. In this
study, calculating costs in the developed model of capaci-
tated remanufacturing inventory model (CRIM), fully back-
order is applied as unsatisfied demands of remanufactured
and produced processes are occurring. The total cost per
cycle (interval) for this case is the sum of the setup costs
for remanufacturing and production batches, back-ordering
costs for the remanufactured and produced items, the holding
cost for items in the serviceable stock, and the holding cost
for items in the repairable stock. As illustrated in Figure 3,
customers wait until the arrival of the next replenishment
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FIGURE 3. The behavior of inventory remanufacturing and manufacturing
with a pure backorder.
(remanufacturing or production) before receiving their back-
logged orders. Area 1 dan Area 2 represents the backlogged
quantities accumulated over the remanufacturing and produc-
tion segments of T, respectively, where the quantities of xbp
an xbr represent the maximum backorder levels for produced
and remanufactured items by the end of each corresponding
segment of T.
The total backorder cost for production in the remanufac-
turing period (Area 1) is:
BCp
xb
2
Tr =
(
BCp
(mqr
Dr
))2 Dp
2
(1.1)
where, Tr = mqrDr and Xb = TrDr similarly, from area 2 we
have:
BCr
Xr
2
Tp =
(
BCr
(
nqp
Dp
))2 Dr
2
(1.2)
Mqr is the lot size quantity (in units) to be remanufactured in
T, which is mqr= γ rβr+ γ pβp nqp γ rβr+ γ pβpnqp unit.
Accordingly:
qp
qr
= m(−βrγ r + 1)
nγ pβp
(1.3)
Substituting Eq (1.3) in Eq (1,2) and adding the result to Eq
(1.1) the total back-ordering cost in interval T is given as:
BCrp(n, γ r, γ p) = BCp
(mqr
Dr
)2 Dp
2
+BCr
(
nqr
Dp
)2 (m
n
(βrγ r)
βpγ p
)2
(1.4)
Then, the total holding cost is the sum of holding costs for
remanufacturing + holding costs for production + holding
costs for products used,
H (n,m, γ r, γ p) =
(
hr
m
2Dr
)
+
(
hp
n
2Dp
)((m
n
) 1− γ rβr
γ pβp
)2
+hu
[{
m (γ rβr − 1)
2Dr
}
m+ γ pβpm
2
2Dp
(
1− γ rβr
γ pβp
)2
+m
(
γ rβr
Dp
+ γ pβp (m− 1)
Dr
)(
1− γ rβr
γ pβp
)]
(1.5)
The total cost per interval T is the sum of the total setup
cost per cycle, total holding cost per cycle, and total back-
ordering cost per cycle. The total cost per unit of time is given
by dividing the sum by T as:
ω(n,m, γ r, γ p) = A(Hqr
2 + qr2BCrp+ Spn+ Srm)
qr
(1.6)
WhichA = 1T is, after setting the first derivative of Eq (1.6)
equal to zero and solving for qr we get:
qr (n,m, γ r, γ p)
=
√
mSr + nSp
H (n,m, γ r, γ p)+ BCrp (m, γ r, γ p) (1.7)
Substituting Eq (1.7) in Eq. (1.6) we get:
ω(n,m, γ r, γ p)
= 2A√(mSr + nSp)H (n,m, γ r, γ p)+ BCrp(m, γ r, γ p)
z = minimizeω(n,m, γ r, γ p) (1.8)
Subject to: n.m ≥ 1, integer
0 ≤ γ r ≤ 1,
rmin ≤ γ p ≤ 1,
rmin > 0
B. DEVELOPING MODEL OF CAPACITATED
REMANUFACTURING INVENTORY PROBLEM
This study develops a remanufacturing inventory model of
Hasanov et al. [6] with backorder by considering storage
capacity limits. The storage boundary in question is the stor-
age capacity owned by the company. So, lot order quantity
is not permitted to exceed the available warehouse capacity
limit. It is also necessary to review the use of space per
unit of raw material to suit the available capacity. By using
the Lagrange function, the model formulation is obtained as
follows, with conditions;
F ≥ o∗qr
F: storage capacity
o: Space usage per unit
The largest inventory volume that can be stored is equal
to the available capacity. Thus the limited use of warehouses
must be a limitation to minimize total inventory costs. math-
ematically, solved by optimization problems, e.g: (1.4)
min
A(Hqr2 + qr2BCrp+ Spn+ Srm)
qr
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Against the constraint function:
qr ∗ O ≤ F
where qr ≥ 0.
The problem was solved with the approach of Lagrangean
Multiplier. In this case, o∗qr = F is used because the
Lagrangean method can only be used to solve optimization
with equation constraints. Then F is interpreted as a maxi-
mum value that does not exceed o∗qr or qr – F = 0
L (Q, λ) = A(Hqr
2 + qr2BCrp+ Spn+ Srm)
qr
+λoqr − λF (1.9)
Furthermore, minimized against qr, it can be obtained an
optimal qr value by entering the storage capacity as a con-
straint.
dL
dqr
= A(2Hqr + 2qrBCrp)
qr
−A
(
Hqr2 + qr2BCrp+ Spn+ Srm)
qr2
+ λo
dL
dqr
= AHqr
2 + Aqr2BCrp− ASpn− ASrm+ oqr2λ
qr2
× dL
dqr
= 0
AHqr2 + Aqr2BCrp− ASpn− ASrm+ oqr2λ
qr2
= 0
Hqr2 + Aqr2BCrp− ASpn− ASrm+ oqr2λ = qr2
r =
√
AH + ABCrp+ oλ√ASpn+ ASrm
AH + ABCrp+ oλ
r =
√
A
√
Spn+ ASrm√
AH + ABCrp+ oλ (1.10)
Then, it is minimized to the value of λso that the equation
for the boundary or lambda value is obtained as follows:
dL
dλ
= A(Hqr
2 + qr2BCrp+ Spn+ Srm)
qr
+λoqr − λF dL
dλ
= oq− F
dL
dλ
= 0
Then oq− F
qr = F
o
(1.11)
The actual role of lambda is not very significant, but
lambda serves to determine valid model indicators to use.
When there are no warehouse constraints and the warehouse
capacity of equation (1.10) cannot be used, in other words,
the limitations of the storage become the dominant factor
to determine the optimal qr number, so lambda can also be
calculated with the following equation:
λ = −A(−Spno
2 − Srmo2 + F2H + F2BCrp)
F2o
(1.12)
Notations:
m = number of remanufacturing cycles in interval T
n = number of production cycles in interval T
γ r = collection percentage of available returns of
previously remanufactured items (0 < γ r ≤ 1)
γ p = collection percentage of available returns of
previously produced items (0 < γ p ≤ 1)
θr = proportion of a batch of used/repaired items
consumed in the remanufacturing segment
T (0 < θr < 1)
θp = proportion of a batch of new-produced items
consumed in the production segment of
T (0 < θp < 1)
Dr = demand rate for remanufactured items
(units/unit of time)
Dp = demand rate for produced items (units/unit
of time)
Sr = set up cost per remanufacturing batch ($)
Sp = set up cost per production batch ($)
LCr = lost sale cost for a remanufactured item
($ / unit)
LCp = lost sale cost for a produced item ($ / unit)
BCr = backorder cost for a remanufactured item ($ /
unit / unit of time)
BCp = backorder cost for a produced item
($/unit/unit of time)
hr = holding cost for a remanufactured item
($/unit/unit of time)
hp = holding cost for a produced item ($/unit/unit of
time)
hu = holding cost of a used items ($/unit/unit of time)
βp = percentage of available returns from the
primary market for produced items
βr = percentage of available returns from the
secondary market for remanufactured items
(0 < βr ≤ βp < 1)
s = proportion of Dp that is backordered 0 < s <
1 where (1 – s) is the proportion of Dp that is lost
v = proportion of Dr that is backordered 0 < v < 1,
and (1 – v) proportion of Dr that is lost
qp = production batch size
qr = remanufacturing batch size
Tr = length of a remanufacture segment
Tp = length of a production segment
T = length of the time interval (T = Tr + Tp)
T rr = stock-out period for produced items in segment
Tr Tr(T rr = Tr − T pr )
T pp = stock-out period for remanufactured items in
segment Tp (T pp = Tp−)
T pr = length of the period for which the inventory of
produced items is positive in Tr(T pr = qPDp − tp)
T rp = length of the period for which the inventory of
remanufactured items is positive in Tr (tr = θr qrDr )
tr = length of an incomplete remanufacturing cycle in
segment Tr (tr = θr qrDr )
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tp = length of an incomplete production cycle in
segment Tp (tp = θp qpDp )
xbp = maximum back-ordering level for produced
items in T
xbl = maximum back-ordering level for
remanufactured items in T
x lp = units loss of produced items in T
x lr = units loss of remanufactured
items in T
IV. RESULTS AND DISCUSSION
A. INFLUENCE OF CAPACITY (F)
Numerical experiments are carried out by planning
product orders with a total demand Dp=1.048. hp=22,
hr= 17, m=2, n=4, (γ r) = 0, 25 (γ p) = 0, 35, Sp=
852.253, Sr=576.127. The use of the room every single
unit product o=0.181 m3. And consider the parameter
βp = γ p, βr = γ r . The values of the input parameters
that are specific to the model developed in the paper. Where
to use the different storage capacities in the 10 experiments
performed. In this case, it will be calculated the amount of the
quantity remanufactured (qr), the total cost of inventory (TIC)
in the two situations: with and without storage limitation.
Table 3 shows that the quantity number of the remanu-
factured model with the storage capacity in consideration is
110 units. The number of remanufacturing quantity adjusts
to the available capacity constraints and the use of the room
per one product unit. Reviewed from Table 3, the result of
the qr is 5 times greater than the storage capacity. Because
the consumption of the room per unit of product is 0.181 m3,
while the optimal quantity calculation (qr) is the capacity
of the storage divided by the consumption of the room per
unit product. Moreover, if the storage capacity available is
relatively small, then the lot size remanufactured relatively
little. If the available storage capacity is relatively large, then
the lot size is relatively much.
TABLE 3. Experiments with the storage capacity.
FIGURE 4. The optimal quantity based on storage capacity.
FIGURE 5. Influence of capacity for total cost and quantity of
remanufacturing.
Based on the analysis that has been done, if the limit value
or lambda > 0, then used equation (11) or qr that considers
the warehouse capacity limitation, because the result of the
remanufactured quantity to be done does not exceed the
available storage capacity limitation. When the limit value or
lambda is < 0, the equation is used (6) or the initial qr. It is
also reviewed from the results the quantity of remanufactured
that has been followed by the available storage capacities.
The following figures also indicate that the smaller the stor-
age capacity, the greater the total cost of inventory needed.
Similarly, if the available storage capacity is getting bigger
then the total cost of the inventory is smaller. But the total
cost is minimal when the quantity is optimal.
B. INFLUENCE OF NUMBER OF cycles
Experimental results can be compared in Tables 4 and 5 by
experimenting on cycles. Table 4 is done by making trial
errors in the remanufacturing cycle, while the manufacturing
cycle is fixed n = 2. It appears that the size of the cycle
is directly proportional to the number of lots reproduced,
as well as the total costs incurred. This is because the more
frequent remanufacturing of the number of lots stored will be
more, resulting in greater savings and higher total costs. This
condition can be seen in Table 4.
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TABLE 4. Experiment with the number of remanufactured cycles.
TABLE 5. Experiment with the number of manufactured cycle.
The next simulation is done by making a trial error in
the manufacturing cycle while the remanufacturing cycle
remains at m = 2 and its effect on the remanufacturing lot
as well as the total cost.
Based on the simulations carried out in Table 5 after numer-
ical experiments on the number of manufacturing cycles
in a period, it appears that a large number of cycles will
affect store costs and total costs. The more cycles that occur,
the greater the total costs will be, as well as the more quan-
tities that are reproduced. The size of the cycle is directly
proportional to the number of lots produced and the total cost.
The test results of Figure 6 and 7 can be compared, where
it appears that when the manufacturing cycle (n) is greater
than the remanufacturing cycle (m), the savings costs and
total costs incurred will also be greater, than when the man-
ufacturing cycle (m) is greater than manufacturing cycle (n).
This also affects the total costs incurred. The manufacturing
cycle further influences the cost increase compared to the
manufacturing cycle.
FIGURE 6. Influence of remanufactured cycles against remanufactured
quantity and total cost.
FIGURE 7. Influence of manufactured cycles against remanufactured
quantity and total cost.
TABLE 6. Experiments with the remanufactured product collection rate.
C. INFLUENCE OF PRODUCT COLLECTION RATE
Further experiments to determine the effect of the level of
product collection on the total cost and quantity of reman-
ufacturing, the parameter values used for several numerical
examples are the same as before, the percentage of collection
of remanufactured products, and the percentage of collection
of different manufactured products in 10 experiments carried
out. In this experiment, the amount of re-produced lots (qr)
is calculated, the total inventory cost (TIC). Furthermore,
by experimenting with making a trial error on the rate of
return of remanufactured products (γ r) while the rate of
return of manufactured products remains γ p= 1 and its effect
on remanufacturing lots and total costs. Then, experiment
by making a trial error on the return of a manufactured
product (γ p) while the remanufactured product collection
rate remains anr = 1 and its effect on qr and TIC.
Based on 10 experiments that have been carried out at the
level of collection of remanufactured products in one period,
it is shown that product collection does not significantly affect
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TABLE 7. Experiments with the manufactured product collection rate.
FIGURE 8. Effect of remanufacturing product collection against
remanufacturing quantity and total cost.
FIGURE 9. Effect of manufacturing product collection against
remanufacturing quantity and total cost.
the total quantity and total costs; however, increasing store
costs will reduce total costs.
Table 7 also shows that high manufacturing product returns
(γ p), storage costs will be lower. The level of γ p increase
in Table 6 is not much different from Table 7, but the return
of manufactured products further affects the cost of savings,
because it does not allow 0, and low γ p will have an impact
on the large level of cost savings.
D. INFLUENCE OF BACKORDER COST
In the previous trial, there was no change in the reorder
fee, the next attempt by conducting a numerical trial on the
reorder (re-order) cost was different in 10 attempts. In this
experiment, we will calculate the number of re-produced lots
(QR), the total inventory cost (TIC), and the variable costs
that affect it as the BCr = 5.
Based on experiments that have been done in Table 8, trial
and error on remanufactured backorder cost in one period
affects the remanufactured lot and total cost. The larger the
BCr the lower the lot size and the greater the total cost
TABLE 8. Experiments with the back-ordering cost of manufacturing
products.
TABLE 9. Experiments with Bacordering cost of remanufacturing
products.
incurred. It is then attempted to raise the BCr against the QR
and the total cost when BCp = 5.
Table 9 shows that increasing the amount of BCp affects
the amount produced and the total cost. The greater the BCp,
the lower the lot size and the greater the total costs incurred.
It seems that the high cost of re-ordering manufactured prod-
ucts has more effect on the higher total order costs than the
cost of re-ordering products.
E. MANAGEMENT IMPLICATIONS
Some considerations can be taken by the company from the
results of experiments that have been conducted which show
the impact of the capacity storage on the total costs incurred.
The smaller the storage capacity, the total cost will increase
significantly. In this case, the company can consider increas-
ing storage capacity not only to accommodate more products
but also to minimize the total inventory costs incurred. For
more details can be seen in Figure 5, the effect of storage
capacity on total costs.
143054 VOLUME 7, 2019
I. Masudin et al.: Capacitated Remanufacturing Inventory Model Considering Backorder
FIGURE 10. Influence of backorder costs against remanufactured
quantities and total costs.
FIGURE 11. Influence of backorder costs against remanufactured
quantities and total costs.
It is previously discussed that the number of cycles that
occur affect the cost of storage, and the total cost. In the
previous research model, increasing the number of reman-
ufacturing cycles would increase storage costs but do not
see a comparison of total costs. Figure 6 and Figure 7 have
compared the number of remanufacturing cycles with the
total cost and lots of remanufacturing. Increasing the number
of remanufacturing cycles will increase the total cost rather
than the number of manufacturing cycles. This study also
strengthens the previous analysis that the remanufacturing
cycle influences changes in total costs [6]. For that, compa-
nies can create policies to reduce the number of remanufac-
tured cycles as a solution to minimize total inventory costs.
Furthermore, from the calculation results, it is found that
increasing back-ordering costs, will increase total costs. This
cost is also influenced by the cost of the product that is dif-
ferent between manufactured products and remanufactured
products. This has also been examined in previous studies,
and indirectly the cost of a reorder will be directly pro-
portional to the total cost [6]. For that, the company can
create policies regarding the backorder cost as well as backo-
rder levels to minimize the expense of inventory costs. The
cost effect of BCp and BCr can be seen in Figure 10 and
Figure 11.
In the previous discussion about the impact of returns
on products obtained in Table 6 and Table 7, the rate of
product return was not too significant in changing total
costs. However, the real change in storage costs is quite
significant. What is interesting is that at the time of zero
product returns manufacturing companies cannot carry out
remanufacturing. Returns on manufactured products must be
greater than remanufactured products because these remanu-
factured products will be used up more quickly by their use-
ful life. Companies can create policies to maximize product
returns so that demand can be met. Either by collecting prod-
ucts, or hiring collectors or third-parties as parties who can
FIGURE 12. Material flow by adding collectors.
maximize product returns to the company to be reproduced.
Third parties who participate in collecting the returned prod-
ucts used in the remanufacturing process [40]. Remanufac-
turing has the opportunity to reduce costs through process
innovation, where the opportunity is used in the supply chain
consisting of producers and retailers to coordinate cost expen-
ditures [41]. Regarding the policy of adding third parties
such as retailers or collectors, this can then be considered
by the company. Explanation of this as can be illustrated
in Fig. 12.
Products from remanufacturing are considered by con-
sumers to have quality below the new product. This is also
explained in the research that has been conducted by Jaber
and El Saadany [5]. In their research, it was found that
the consumers’ perceptions resulted in a lost sales situation
where there was a period of out of stock for goods produced
and goods that were reproduced [5]. Inventory is possible
with a backorder marked with an order receipt from the
customer will still be accepted even at the time when there is
no inventory [6]. By using a third-party inventorymanaged by
the company itself is expected to be able to reduce waste and
use of natural resources as raw materials. Also, the company
can produce products with almost the same quality as new
products because it can choose and know the consumables
that will be processed back into remanufacturing products.
Some previous studies that discussed the effect of
variables on costs incurred by the company [1],
Beemsterboer et al. [42]. Their research shows that storage
capacity affects storage costs and total costs, as well as
policies regarding ordering decisions. These results are in line
with this research that storage capacity affects the increase
and decrease in storage costs, and influences decisions that
companies must make. Furthermore, Cárdenas-Barrón [43]
in his study showed that the level of backorder affects lot
size. In the research developed further in this study shows
that the cost of reordering and a high reorder rate will result
in increased inventory costs. Companies can consider the
backorder rate to minimize total costs, further research can
consider the effect of the backorder rate on backorder costs
to optimize total costs, as well as provide better policies for
the company.
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Jamal et al. [44] has reviewed two different cycles
that affect the optimal level of quantity. In their research
conducted several different cycles and found that there are
differences in the amount of quantity produced. In this study,
it was found that the more the number of cycles, the greater
the total costs incurred, slightly different from previous stud-
ies that consider two cycles at once. Future studies can
make direct comparisons of two different cycles to determine
the minimum total cost and optimal quantity. Research by
Alinovi et al. [45] show that the adoption of a return policy
for audited companies is not profitable compared to existing
assetmanagement policies, but at the same time, they find that
the return policy can be beneficial for higher economic value
assets which lead to a significant reduction of total costs.
In this study it was found that the higher the product return
rate would minimize the total cost, compared to previous
studies there were some differences in decisions that could be
taken. So that the product returns policy evaluation conducted
by the company should be able to return the remanufactured
product into a profit.
V. CONCLUSION
This study developed a model for remanufacturing inventory
considering storage capacity. The objective is to find optimal
solutions for the remanufactured quantity byminimizing total
costs. In this article, a sensitivity analysis was also done to
understand the impact of the changes in the variables and
constraints involved of the models on the optimal solutions.
The capacitated remanufacturing inventory model (CRIM)
developed in this article found that the number of cycles (m
and n) affected the quantity of remanufacturing proceeded
and the total costs. The pattern of the relationship between
those three variables is linear, which is the effect of the
number of cycles is linear to the quantity and total costs.
Moreover, it is also found that the greater the number of
cycles, the more quantity remanufactured and the greater the
total costs. Unlike the case with backorder costs (BCr and
BCp), the higher the backorder costs, the smaller the quantity
remanufactured that results in a greater of the total costs.
Furthermore, the level of used product collection (γ r and γ p)
is inversely proportional to the quantity remanufactured and
the total costs, which is the greater the collection of used
products, the smaller the quantity and the total costs. This has
an impact on the policies that will be taken by the company.
Further research can consider the number ofmanufacturing
and remanufactured cycles to produce optimal lots as well as
reducing reordering costs, and reduce total costs, and may
consider product collection by adding Third-party variables
as collectors.
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